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Haddam Meadows State Park in Haddam, Connecticut, serves as a test site for the
Branch of Geophysical Support of the USGS in Connecticut. At this site, various geophys-
ical techniques are tested for the detection of structures that could control DNAPL migra-
tion through the water column. DNAPL's are Dense Non-Aqueous Phase Liquids that sink
through the water col umn until reaching an impermeable boundary. The geology of Had-
dam Meadows consists of Ordovician metamorphic bedrock, -140 ft. deep, overlain by
glacio-fluvial deposits that in turn are overlain by recent alluvial deposits. It is believed
that metamorphic bedrock acts as an aquitard at this location. In this region, DNAPL's
should collect in topographic lows in the bedrock.
Given the local geology and the structural component of this geology relevant to
DNAPL flow at this site, a 3D seismic data set was collected. Data acquisition consisted of
laying out five parallel receiver lines and recording ground-motion from an evenly spaced
shot-grid. Although this allowed for rapid acquisition, the offset, azimuth, and full-fold
range is restricted and limits our ability to examine spatial variations of bedrock structure.
Data are reduced and interpreted using adaptations of conventional, oil-exploration meth-
odologies. Within the region of investigation, the seismic response of the bedrock inter-
face and the glacio-fluvial/alluvial sediments are well defined.
Two reflections are observed in the seismic data volume. The reflections tie with
VSP data. The upper reflection varies in depth from 90 to 200 ft over the survey area and
can be interpreted as either a weathered bedrock layer or a till layer. The depth of this
reflector corresponds to the refusal depth of the only well in the survey area. The lower
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reflection shows less topographic relief than the upper reflection, is approximately 200 ft
deep, and is distinguished by larger amplitudes and spatially more continuous reflections
than the upper reflector. On the basis of interval velocities, the preferred interpretation of
the upper reflector is that it represents weathered bedrock. The lower reflector is inter-
preted as the top of competent bedrock.
Each reflection is examined for amplitude anomalies that may relate to fracture
systems, mineralogical changes, or bedrock competency differences. Both the upper and
lower reflections exhibit zones of high reflectivity that trend northwest and northeast form-
ing a pattern reminiscent of a conjugate fault system. Because these features are amplitude
highs rather than amplitude lows and because they do not correlate to reflector topography,
I interpret them as being indicative of mineralogic changes within the bedrock. The spatial
correlation of the amplitude anomalies between the two reflectors is consistent with this
interpretation. I can not, however, rule out the possibility that this results from thin-bed
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INTRODUCTION AND SITE BACKGROUND
1.1 Introduction
Haddam Meadows State Park in Haddam, Connecticut serves as a test site for the
Connecticut Branch of Geophysical Support of the United States Geological Survey's
(USGS) Water Resource Division (WRD). Various geophysical methods are tested at the
Haddam Meadows site for their applicability to groundwater resource investigations. This
study tests the effictiveness of three dimensional (3D) seismic methodologies for the loca-
tion of near-surface structures relevant to Dense Non-Aqueous Phase Liquid (DNAPL)
migration through groundwater.
DNAPL's have a specific gravity greater than 1. They are, in general, only slightly
soluble in water. There are several common examples of DNAPL's at contamination sites
including: trichloroethylene (TCE), methylene chloride, perchloroethene (PCE), chloro-
form, and 1,1,I-trichloroethane (111 TCA). DNAPL's also are generally less viscous than
water (Preslo and Stoner, 1991).
A DNAPL, being denser than water, will sink through the groundwater and collect
on impermeable layers in the subsurface (See Figure 1). The bedrock at the test site is
believed to have very low permeability, therefore, DNAPL's would collect on this surface.
Natural depressions in the bedrock would serve as reservoirs for DNAPL's. Acquicludes,
such as clay layers within the alluvium, could also act as barriers to DNAPL migration,
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to delineate these structures. To address shallower structures, such as clay layers and
lenses within the overburden that may act as aquicludes, it would be useful to include
ground penetrating radar data in the subsurface interpretation.
Seismic reflection methodologies have been used extensively in the oil exploration
industry for the imaging of petroleum and natural gas reservoirs. Over the past decade,
these methodologies have been applied to a number of near-surface investigations. These
investigations include but are not limited to: observing reflections from the top of the satu-
rated zone (Birkelo et. al, 1987), detection of shallow faults (Myers et. al, 1987), mapping
intra-alluvial features (Steeples and Miller, 1990), and cavity detection (Steeples and
Miller, 1987).
While the theory is the same for near-surface and deep oil exploration seismology,
there are significant differences. The most significant difference is the magnitude of the
frequencies and velocities. Frequencies of interest are on the order of 50 Hz in oil explo-
ration whereas in this study ISOHz is the dominant frequency of interest. Velocities of
near-surface layers are often much less than those of formations of interest to the oil
explorationist. In particular, the oil explorationist does not often see velocities less than
the air wave, while in near-surface seismology it is quite common (Steeples et al., 1995).
This leads to corresponding differences in wavelengths. Shorter surface wave wave-
lengths in near-surface reflection seismic cause spatial aliasing of ground roll that is often
not a problem in oil exploration (Steeples and Miller, 1990) .
Studies in near-surface seismology began with simple techniques that did not
require extensive computing capabilities, i.e. refraction and later common offset profiling
(Hunter et. ai, 1984). As microcomputer technology has expanded and become more
affordable, expensive methodologies, once only available to well-financed oil companies
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have become available for near-surface engineering and environmental firms. The com-
mon midpoint (CM?) method is now routinely applied to near surface concerns (Steeples
and Miller, 1990).
Like its deeper counterpart, the seismic method applied to near-surface investiga-
tions is now dominated by the CM? method. For effective use of this methodology, much
research has gone into the testing of sources for cost effectiveness and repeatability
(Miller et. al, 1986). Field CM? acquisition parameter design as well as instrumentation
have also been considered for the near-surface (Knapp and Steeples, 1986). For the most
part, however, studies in the near-surface have been limited to 2D studies of single compo-
nent observations.
While near-surface studies have begun to embrace 2D reflection methodologies,
seismic technology in petroleum exploration has expanded from 2D single component
exploration to 3D multi-component surveys. The oil and gas industry is pursuing this line
of investigation to delineate reservoir heterogeneity and anisotropy by examining shear
wave (S-wave), converted modes (P to S-wave and S to P-wave), and primary wave (P-
wave) data as well as enhancing imaging capabilities through the use of 3D migration
schemes.
The goal of this study is to test the viability ofJD seismic for near-surface explora-
tion. Near surface 3D studies are potentially limited by the following issues: 3D seismic
is costly (most engineering and environmental firms do not have the money), and process-
ing of 3D is time consuming (clients expect a fast turn around). Given the need to map
closed bedrock lows for this study, however, a 3D investigation seems natural. Data used
in this study were collected collaboratively by a number of firms and interests including:
Bison Inc., USGS, Geometries, Kansas Geological Survey, Bay Geophysical Inc., and
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Towhee Exploration. Data were recorded in the following fashion: 5 receiver lines of 24
channels were laid out at a spacing of 50 feet between lines, a regularly spaced shot grid of
248 shots was then overlain on these receiver lines, and shots were recorded simulta-
neously on 120 channels. The survey design provided for rapid data acquisition. Fold
coverage in the subsurface, however, was uneven and most of the recorded offsets pro-
vided little useful information. The limited offset range results from the supression of
near-offset traces due to the overwhelming ground-roll train, and the supression of far-off-
set traces to eliminate wide-angle reflections.
In addition to the surface seismic observations, one borehole that penetrates the
unconsolidated deposits to a depth of 140 ft before reaching refusal was drilled in the sur-
vey area. Several VSP survey's were collected in this borehole, but the borehole was not
logged in any other manner. Attempts are made to correlate borehole VSP data with the
seismic data collected at this site. The VSP data is processed to remove the downgoing
wave-field, corrected to two way time, and stacked to produce a trace that can then be cor-
related to surface seismic observations. The seismic velocity field in the borehole is also
examined to see if it ties with the surface seismic velocity field.
I analyze the single component data using standard seismic data processing tech-
niques available in ProMax 3-O®. Lack of data that can be tied to the seismic survey lim-
its the exactness of my solutions. The data are processed to reduce uncertainty in my
solutions by attempting to tie the interpretation to available VSP data, geological observa-
tions in the borehole, and geological reasonability. Data interpretation is carried out utiliz-
ing the 3D interpretation package, LandMark®. Amplitudes of the observed reflections
are examined for spatial and azimuthal variability that might relate to subsurface heteroge-
neity and anisotropy.
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Even given the less than optimal design of the survey, the Haddam Meadows
project proved to be a success. Two reflections are observed in the processed Haddam
Meadows data set. I interpret an upper reflection, occuring between 100ft and 190 ft, as
resulting from either the top of a weathered bedrock or an interface between alluvium and
glacial till. This upper reflection dips to the northwest and has amplitude highs along the
slope attributed to focusing effects of seismic energy. The lower reflection, occurring
between 170 ft and 240 ft, is interpreted as the top of competent bedrock. This interpreta-
tion is based primarily on values for stacking velocities. The amplitude characteristics
extracted from this lower surface incl ude northwest to southeast and southwest to north-
east trending highs. Possible interpretations for these amplitude highs include: mineral-
ized fracture zones, injected pegmatite bodies, or lateral mineralogical changes in the
bedrock causing changes in bedrock competency.
Assuming my interpretation is correct, potential areas of DNAPL accumulation in
the subsurface are located. A reflection in the shallow alluvium at approximately 140 -
190 ft. depth, interpreted as either the weathered bedrock / saturated alluviam interface or
the glacial till / saturated alluvium interface, is tied to the refusal depth in the borehole via
the VSP survey. The VSP survey ties with the surface seismics as well, but, because the
borehole does not penetrate the lower reflection, a depth can not be assigned definitively to
this interface.
1.2 Site Background
Haddam Meadows State Park is located in middle southern Connecticut. The site
of the 3D seismic reflection survey is located within the northern confines of the park just
to the southwest of the Connecticut River. Elevations for the survey location are between
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10 - 20 ft. Due to the proximity of the river, the water table ranges from 9 - 15 ft below the
surface and is shallower near the river.
A sty!ized geologic cross section is presented in Figure 2. The regional geology
consists of the core members of the Ivoryton synform of Ordovician age (Lundgren, 1979)
that have been glaciated by Wisconsinian glaciation. This last glaciation deposited glacial
till overlain by stratified drift above the bedrock. The final sequence consists of alluvium
deposited by the Connecticut River.
Bedrock geology at Haddam Meadows consists of Ordovician age muscovite bear-
ing rocks of the Collins Hill Formation (Figure 3). The predominant rock type is musco-
vite-biotite schist, intermixed with muscovitic quartz-feldspar gneisses, and calcite
bearing calc-silicate gneisses. The rocks containing significant amounts of muscovite are
characterized as highly friable and the entire formation weathers rapidly upon exposure.
The bedrock is known to be mineralogically heterogeneous and is locally intruded by
pegmatites of Devonian to Permian age (Lundgren, 1979).
Surficial geology at Haddam Meadows consists primarily of glacial and alluvial
deposits. Glacial till was deposited atop bedrock during the last deglaciation. Overlying
glacial till are glacial outwash deposits (generally termed stratified drift) that are in tum
overlain by fine sands and silts deposited by the Connecticut River, during recent times
(Haeni, personal communication, 1994). These materials have been well described in gla-
cial valleys to the west of the Connecticut River Valley (Haeni, 1978). Stratified drift
materials were deposited by glacial meltwater during the last deglaciation. The action of
the meltwater served to sort the sediments quite well. Glacial till, on other hand, was --
deposited at the base of the glacier and is a poorly sorted, jumbled mass of boulder to clay
sized particles. Alluvium at this site is well sorted silts to medium sands deposited by the
T-4728 8





.. Glacial Till 5-10 ft. thick
~ Schists, Granofels and Gneisses
Approx. 140 ft refusal depth
Figure 2: Stylized geologic cross-section based upon well information and personal
communication with Haeni, 1994. Refusal depth of 140 ft is based on drillers log














Figure 3: Haddam Meadows survey site superimposed upon bedrock geological map of
the Haddam Quadrangle (After, Lundgren, 1979).
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Connecticut River.
This site has been used extensively for the testing of geophysical methods.
Methods tested at Haddam Meadows include: ground penetrating radar, seismic reflec-
tion, and seismic refraction. In particular, the site geology provides an excellent location
for testing seismic methods, primarily because of the large impedance contrasts present.
Metamorphic bedrock should have a velocity in the range of 13,000 - 16,000 ftIs and a
density of 16.9Ib/ft3 (Burger, 1992). Glacial till has a velocity of approximately 7400 ftls
and a density on the order of 13.8 ft/s (Burger, 1992), while saturated alluvial materials
have a velocity of 5000 ftIs (Redpath, 1973) and a density of approxmately 10.6 Ib/ft3
(Burger, 1992). Unsaturated alluvium has a velocity of approximately 1000 ftIs (Redpath,
1973). Impedance contrasts, the product off layer density and velocity, based upon the
above values are calculated to determine reflection coeffecients. The reflection coef-
fecient (Yilmaz, 1987) for the saturated alluvium / till boundary is approximately 0.62,
while the reflection coeffecient for the till / bedrock interface is approximately 0.43.






The 3D seismic, single component data were collected by personnel from Bison
Inc., Geometries, USGS, Kansas Geological Survey, Bay Geophysical Inc., and Towhee
Exploration at Haddam Meadows using a 120 channel Bison recording seismograph. Data
were provided by the USGS in SEG- Y format on 9-track tapes. The data were transferred
to ProMAX® and saved as disk image files in ProMAX® internal format. Geometry was
assigned, and processing performed within the ProMAX® processing environment.
Stacked 3D depth converted data were output in SEG-Y and read into LandMark 3D® for
interpretation. Horizons of interest were interpreted. VSP data were examined and VSP
modeling was performed using ProMAX VSP® to QA/QC the depth conversion and sub-
sequent interpretation.
2.2: 3D Survey Design
The survey was designed in the following manner: 5 receiver lines of 24 receivers
each were laid out parallel to one another in the North-South direction. A regularly
spaced shot grid of (247 shots) was superimposed upon the receiver lines, and each shot
was recorded simultaneously on the 120 channels. Receiver lines were spaced 50 ft. apart
with receiver stations spaced 10ft. apart along each line. Source lines were spaced 25 ft.
apart with a source station interval of20 ft. in-line. (see Figure 4)
The source for this survey consisted of a 12 Ib sledgehammer striking a steel plate.












• • • • • •
Channel 120
• • •








Figure 4: Initial 3D survey design. This survey design provides for rapid acquisition, how-
ever offset range and fold distribution are limited. HM 1 indicates the location of
the borehole in the survey area.
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At least 8 hammer blows were stacked per shot point prior to recording. Receivers for
this survey were single, vertical component 30 Hz geophones.
Although this design allowed for rapid data collection, 2 days, it does introduce
several difficulties in the processing and interpretation of the observations acquired:
I) CMP bins generated by this survey are sub-optimum. The acquisition geometry
forces bins to be rectangular with dimensions of 5 ft in the north-south direction and 12.5
ft in the east-west direction. These bins, particularly in their cross-line dimension, are rel-
atively large for near-surface surveys. In 2D seismic reflection studies in the near-surface,
a CMP spacing of3 ft is typical (e.g., Miller and Steeples, 1990). As will be described
later, this large bin spacing in the cross-line direction makes the employment of 3D migra-
tion algorithms problematic without significant trace interpolation.
2) Fold and offset coverage is suboptimal. The survey design, in addition to creat-
ing elongate bins, causes the fold coverage to appear as a bull's-eye with its center at the
geometrical center of the survey. Figure 5 shows a contour map ofthe fold coverage in the
subsurface. The maximum fold is 72 at the center diminishing to I fold at the edges of the
survey. The peak fold at the center is of the survey is, however, deceiving. After inside
and top muting, the actual fold for the data set is reduced to 14 to 16 fold in the center of
the survey. Within 70 ft of the survey's center, usable fold decays to 6. Also, because the
array is fixed as shot points are moved through it, the offset ranges recorded for each shot
vary. Although not problematic for processing, we note that many of the offsets collected
provide little useful information
3) One of the potential benefits of acquiring a 3D data volume is the ability to
examine azimuthal variability in P-wave velocity that may be related to subsurface anisot-











Figure 5: Fold plot for Haddam Meadows 3D survey design. Highest fold is indicated by
red at the center of the survey. Lowest fold occurs on the edges of the survey.
The fold is not symmetric about the center due to repeated shots on in-line 4.
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touts the azimuths produced by their survey design. For this application, azimuths are
defined by the angle from north to the horizontal direction the P-wave travels from source
to receiver. Figure 6 is a rose diagram of available azimuths for all bins from the survey
and indicates that overall the azimuths are indeed well distributed. The rose diagram is
broken up into 5° increments. There are approximately thirty thousand traces in the data
set. The number of traces occurring in the largest 5 degree increment is approximately
1,500 traces. The greatest number of traces have an azimuth of 355° to 360°. The favor-
ing of north-south azimuths is expected since the receiver lines are oriented north-south
and many of the shots occur along the receiver lines. Notice that significantly fewer azi-
muths are oriented in the east-west direction. There are fewer traces with azimuths from
the east-west direction because the data set was collected on the half station. Despite this,
however, overall, the azimuths are distributed quite well.
When examining specific subregions of the survey, however, azimuths are not as
well distributed as Figure 6 would lead us to believe. Figure 7 shows the distribution of
azimuths for different subregions of the survey. For this plot, azimuths are only plotted in
the range 0° to 180°. One hundred and eighty degrees has been subtracted from azimuths
between 180° and 360° for inclusion in this plot. Reciprocity (Sheriff, 1991) allows for
this. Only 5 sections are plotted because the survey design and reciprocity forces symme-
try in the azimuth distribution. I show that for the edges of the survey the fold is not
evenly distributed. Sections 1,2, and 3 all show distinct favoring of north-south azimuths.
Sections 4 and 5 show relatively even azimuth distributions with slightly fewer east-west
azimuths due to the half station shooting mentioned in the preceding paragraph. From



















































Figure 7: Azimuth distributions for different portions of the 3D survey. Only 5 sections
are plotted because the survey is symmetric about the center.
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4) The relatively large station spacing, 10 ft, aliased the ground roll in the data set
making it particularly difficult to remove with processing techniques such as F-K filtering,
trace mixing, or 2D median filtering. I, therefore, rely on applying large bottom mutes to
remove this energy.
After uploading of data from field tapes, the first step is to assign geometry using
the geometry assignment spreadsheet in ProMAX 3D®. Geometry assignment is based on
information provided by the USGS (Haeni, 1994). An arbitrary system is referenced to
the shot location (Shot 247) in the lower left corner of Figure 4. The receivers and shots
are assigned Northing and Easting from Shot 247 (location 0 ft. North, 0 ft. East) as mea-
sured in feet. Once geometry is established, traces are assigned to CMP bin locations. As
described above, bins are 5 ft. in the north-south direction and 12.5 ft. in the east - west
direction.
Elevations for the survey area are given in Figure 8. The shaded contour plot indi-
cates that relative surface elevations range between 0 and 3 ft over the survey area. The
topography is generally gentle with little relief.
2.3: Data Processing
Figure 9a is a raw shot record prior to processing. There are several features worth
pointing out. First note that the shot records do not appear as normal 2D shot records
would appear. This is due to the fact that the 3D shot record has contributions from lines
out of a simple shot/receiver line and offset is not uniformly increasing. Two reflection
events are indicated: an upper reflection, A, occurring at approximately 75 ms and a reflec-
tion, B, occurring lower at 90 ms. Another important feature to point out is that useful sig-















Figure 8: The elevations for the survey area relative to the low spot in the southwest
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train. The amplitude of the ground roll is so large that it obscures much of the signal on
the record prior to muting. Finally note, the ringing quality of the data. Below reflection B
approximately 20 ms further into the record, we see a similar event with nearly identical
moveout. This event appears at approximately 20 ms intervals. The unsaturated sedi-
ments above water table have an approximate velocity of 1000 ftls and are on the order of
10 ft thick. The two way time through this layer is, therefore, 20 ms. I attribute events
with nearly the same moveout occurring every 20 ms to short leg multiples off the top of
water table.
2.3.1 Muting:
Before any processing, I attack the strong ground roll present in the data set. As
stated previously, the ground roll in the data set is severely spatially aliased, and is quite
difficult to remove utilizing standard processing methods such as F-K filtering. I decided,
after many, unsuccessful attempts to remove ground roll via filtering, that muting was the
only alternative. Figure 9b shows the same shot record as shown in Figure 9a after muting
of the ground roll. Once the ground roll has been muted, lower amplitude signal is readily
apparent on the shot records (Figure 9b). Muting of the ground roll also prevents spatially
aliased ground roll from stacking and appearing as coherent reflections. I have found that
the quality of the final stacks is significantly deteriorated by inclusion of even small
amounts of ground roll.
Outside muting is also performed to prevent stacking events that are post -critically
reflected and therefore have a different phase. CMP gathers are muted after offsets greater
than 200 ft. This mute parameter is based on a simple model calculation using velocity
values and depths consistent with those observed at Haddam Meadows. Figure lOa shows
T-4728



















Figure 10: A) Modeled amplitude versus offset for 140 ft. reflector. B) A 2D shot from the
volume showing amplitude changes with offset. The 200 ft outside mute is con-
servative in this case.
Shot ......S
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the model calculation utilizing a depth of 140 ft, velocity of 5000 ftls for the upper allu-
vium, 7400 ft/s for the lower half space, and a VpNs ratio of2 for the unconsolidated sed-
iments. The critical distance is approximately 250 ft. Figure lOb shows a 2D shot record
from the 3D volume that shows that the amplitudes decrease with offset and begin to
change phase and merge with the refracted arrival just beyond 250 ft. The choice of a 200
ft outside mute is, therefore, conservative in this case.
2.3.2: Ensemble Balancing
Upon examining the unprocessed shot records, a systematic gain anomaly that sug-
gested to us the gains applied in the field were set lower for a series of shots. In order to
correct for this phenomena, ensemble balancing is performed. The entire data set is sorted
into shots and each shot is analyzed to determine the mean of the amplitude of the traces
for that shot. A scalar is then applied to each shot record to ensure that the mean ampli-
tude of each is the same.
2.3.3: Refraction Statics
For oil exploration, refraction statics are computed to correct for velocity and
thickness variations in the weathering layer. I compute refraction statics to correct for lat-
eral variability in the very near-surface. In my case, this region is the unsaturated zone
above the water table. Figure 11 shows a single in-line shot with only in-line receivers.
On this figure, I see two distinct first arrivals. The first event has a velocity of around
1000 fils that I interpret as a direct arrival traveling through unsaturated sediments. This
first event is, however, complicated by the presence of a slightly faster (1100 ftls) propa-
gating air wave that makes picking first breaks of the direct arrival difficult. The second
event has a velocity of approximately 5000 ft/s, consistent with water saturated sediments
T-4728 24
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Figure 11: A shot at location 118 with receiver contributions from in-line receivers only.
This figure is equivalent to a 20 shot. Time is measured in milliseconds and trace
separation is 5 ft. Figure depicts direct arrival with approximate velocity of 1000
fils and refracted arrival with approximate velocity of 5000 ftls. An intercept time
(Tj) of - 22 ms is also shown. Reflections A and B correspond with those shown
in Figure 9. Amplitudes do not reflect true amplitudes, because the plot has been
trace equalized for clarity.
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(Redpath, 1973). This event has an intercept time (Til of -22 ms. Using the slope-inter-
cept method (e.g. Redpath, 1973), we estimate a depth to water table of 11 ft. This depth is
consistent with water table depth obtained in well HM I.
Refraction statics are computed from first breaks that are picked by hand from the
unfiltered shot records. The first step in the 3D refraction statics computation is to develop
a model from which the first arrivals are interpreted. In my case, all ofthe first arrivals
have the same general appearance as those shown in Figure 11. I model these arrivals
assuming the velocity structure can be represented as a 1000 ftls layer overlying saturated
sediments with a velocity of approximately 5000 ftls at a depth of approximately 10 ft.
The first breaks are interpreted by selecting and displaying the refracted portion of the
selected shots. Offset ranges are chosen from each display, and initial estimates of the
refractor velocity made. I use only the offset ranges for each shot that produce high qual-
ity first break picks originating from the refractor. The fitting of straight lines provides an
initial estimate at refractor velocity and delay times. This process is repeated over the
entire survey area until all of the first arrivals have been interpreted.
The next step is to read the first break picks, offset ranges, and the initial estima-
tions of refractor velocity into a 3D Refraction Statics Inversion module. These initial
estimations are used in an iterative inversion scheme to determine refractor depth and
velocity throughout the survey area. This is performed using a delay-time scheme similar
to that discussed in Lawton (1989). Once determined, the refraction model is used to
compute statics corrections. Note that the model and statics corrections specifically
account for elevation differences amongst source and receiver locations. The source and
receiver statics are computed using normal incidence and a replacement velocity of 5000
ftls. The final flat datum used in these calculations is the 3 ft elevation from Figure 8. The
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range of statics applied is between a and 4 ms.
Figure 12 depicts a shot record before and afterthe application of refraction statics.
First breaks on the shot record with no applied statics exhibit significant chatter. After
application of refraction statics, first break alignments improved. Figure 13a shows a final
stack before application of refraction statics, while Figure 13b shows the same stack with
refraction statics. Although subtle, improvement to the stack can be seen in the enhance-
ment of the reflection indicated by A.
In addition to improved final stacks, the process of generating refraction statics
produces a model of the near-surface structure over the survey area. As stated previously,
the refractor at the Haddam Meadows site is believed to be water table. Figure 14 shows
the depth to water table over the extent of the survey area. An interesting anomaly to note
is the circular depression located near HMI. HMI denotes the location of the single bore-
hole in the survey area (Figure 4). This circular depression is probably due to a cone of
depression being formed around the well resulting from pumping of the aquifer. The
overall reliefis approximately 6 ft. from a low of -IS ft. to an high of -9ft below the sur-
face. The maximum depression occurs at the well HMJ.
Depth to refractor and the velocity along the top of the refractor is computed.
Figure IS shows the velocity of the refractor. The refractor exhibits velocities ranging
from 5000 ftls to 5400 ftls, consistent with values for saturated alluvium and the replace-
ment velocity used in the statics computation (Redpath, 1973). Figure 15a is a 3D render-
ing of this surface. The distribution is not random, but rather exhibits a lobate pattern.
The 2D contour map of the surface is presented in Figure 15b. Given that the distribution
is not random and exhibits distinctive trends in the northeast and northwest directions and


























































o '""::..81e- ->< =
<.l E
] ~
<=3 8= 0..o E.- .-




















Figure 14: A) 3D representation of depth to water table from refraction statics solution. B)
2D contour plot of same. HWI is the location of the test well. Notice drawdown


























Figure 15: A) 3D representation of refractor velocities from refraction statics solutions.
B) Same figure in two dimensional contour plot. Velocities are in feet per second.
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data volume is processed with and without application of refraction statics. Amplitudes
exhibit the same general appearance in the data processed with and without refraction stat-
ics indicating that refraction statics are not contributing to any observed amplitude anoma-
lies.
2.3.4: Frequency Filtering
A question of considerable importance to resolution is the question of the fre-
quency content of the reflected wavefield. Higher frequencies offer higher resolving
power. Therefore, it would be beneficial to know the frequencies at which the seismic
energy is propagating. This issue is addressed in Figure 16.
A typical shot record is chosen from the volume. ground roll is muted. frequency
spectrum is computed for each trace. 100 traces are averaged spectrally. and the. result is
presented in Figure 16a. There is limited frequency content above 200 Hz and below 60
Hz. I therefore frequency filter the shot records using an Ormsby, zero-phase. bandpass
filter with corner frequencies of 65 - 75 - 200 - 225 Hz. The results of the bandpass filter
on the spectrum can be observed in Figure 16b.
Results of frequency filtering on the shot records can be seen in Figure 17. Figure
17 shows a shot record before and after frequency filtering in the bandwidth of interest.
After application of this filter, the shot record exhibits better temporal resolution. In par-
ticular. the filter has separated and made apparent a shallower reflection at approximately
75 ms. The filtering has also sharpened the appearance of the reflections of interest. In
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Figure 16: Spectral analysis of 100 averaged traces for one shot. Frequency vs. dB are
plotted A) before bandpass filtering and B) after bandpass filtering with comer


















Stacking velocities for 3D data are slightly more difficult to determine than for
conventional 2D data. The difficulty in determining stacking velocities because of differ-
ent azimuths arises from two conditions: I) apparent dips vary, and 2) there are lateral
variations in velocity. Special care must be taken in determination of 3D stacking veloci-
ties especially when there are dipping structures in the subsurface (Lehmann and Houba,
1985).
With these considerations in mind, 3D stacking velocities are determined. After
processing the shot records as described above, traces are sorted into CMP macrobins. In
constructing the macrobins, CMP's are sorted by in-line and cross-line location. An in-
line increment of 3 in-lines is utilized, which means every third in-line is considered in the
velocity analysis. Similarly, a cross-line increment of 5 is chosen so that every fifth cross-
line location is analyzed. An in-line span and of 5 is selected so that 5 CMP's are com-
bined per grid location (macrobin). A cross-line span of 3 is utilized such that 3 CMP's
are combined per grid location. Velocities are then determined for each grid location
using semblance plots, NMO corrected CMP gathers, and stacked sections.
Figure 18 shows a semblance plot for CMP 630,Iocated near the center of the sur-
vey. For the 2 reflections observed on the raw shot records, the range of acceptable stack-
ing velocities for the upper reflection (A) is between 3700 ftIs to 4300 ftls and 4200 ftIs to
5100 ftls for the lower reflection (B). Above reflection A, the observed stacking velocities
correspond to interval velocities. Between reflections A and B, the observed stacking
velocities imply interval velocities between 6100 ftls and 8000 ftIs. When using these
stacking velocities to depth convert the stacked sections, these variation in interval veloci-






Figure 18: Semblance velocity plot for eMP 630 in the center of the survey. The horizon-
tal smearing of events indicates their relative insensitivity to stacking velocities.
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An example of the spatial variability of the velocity function determined for the 3D
volume is presented in Figure 19. The velocity function is relatively smooth with few
fluctuations. The stacking velocity field increases from -4500 ft/s at the top of the figure
to -15000 ftls at the bottom of Figure 19a. A detailed velocity display for the middle
eMP for in-line II is shown in Figure 19b. This figure includes both the stacking veloci-
ties and the corresponding interval velocities computed via Dix's equation. Three separate
interval velocities are interpreted: I) A 4500 ftls layer above 75 ms that we interpret as sat-
urated sediments. 2) A 7500 ftls layer between 75 and 90 ms that we interpret as either a
till layer or a fractured / weathered bedrock. 3) A very fast 15,000 ftls layer below 90 ms
that we interpret as competent bedrock. I have no velocity control on this final layer. It
has been assumed from the velocity expected for metamorphic bedrock.
2.3.6: Residual Statics
Residual statics are those static offsets that remain after application of refraction
statics. ''These residual static anomalies are due to unaccounted for variations in the low
velocity layer." (Marsden, 1993). The refraction statics technique will never remove all
static anomalies from seismic data for two important reasons: I) the refraction statics
model simplifies the geological picture resulting in trade-offs between velocities and
thicknesses oflayers that leave residual static anomalies (Marsden, 1993). and 2) refrac-
tion statics are surface consistent, that is they assume vertical incidence through the near-
surface. The ray paths through the near-surface are probably not vertical in this case.
Given the range of offsets and the velocity model, the predicted error due to the surface
consistent assumption is on the order of 2 ms. Residual statics solutions seek to remove













Residual statics at Haddam Meadows are computed in four steps. The first step is
to create a model by stacking the data and picking the horizon over which to correlate the
data. I used the prominent reflection observed at 90 ms in Figure 9. The second step is to
compute the correlations of the model with the data set. The third step is to use the Gauss-
Siedel External Model Autostatics module within ProMAX 3D® to partition the correla-
tions into surface consistent statics. The fourth and final step is the application of the stat-
ics to the data set.
The improvement offered by residual statics solutions is shown in Figure 20.
Figure 20 shows extracted 2D lines of stacked data before and after application of resid-
ual statics solutions. Figure 20a is the stack without applied residual statics. The coher-
ency of the lower reflection is improved, especially on the right side of the stack (indicated
by A). The residual statics have also improved the appearance of the upper reflection as
indicated by B. The maximum residual static shift is approximately 1.5 rns, consistent
with that expected because of the inadequacy of the surface consistent assumption used for
the computation of refraction statics.
2.3.7: Deconvolution
The aim of deconvolution is to compress the seismic wavelet to a spike.
Deconvolution, however, operates on several basic assumptions, among the most impor-
tant of which is that reflectivity is a random process (Yilrnaz, 1987). There are many argu-
ments to the effect that in the near-surface reflectivity sequences are not random since
often there are only one or two reflectors observed on the shot records. Although it is true
that near-surface surveys generally do contain few identifiable reflections, 1 suspect that





















surface as it is for deeper investigations. I feel that the more important limitation to the
application of deconvolution to near-surface surveys is related to the SIN ratio typically
exhibited by these data sets. Near-surface reflection surveys typically have a lower SIN
ratio than exploration surveys. The deconvolution process further lowers the SIN ratio of
the data set. Application of deconvolution in this case lowers the SIN ratio of an already
low SIN data set.
Despite these potential difficulties, I choose to apply a spiking deconvolution oper-
ator to the final, stacked data volume. Auto-correlations are computed on sections of the
final stack to determine the deconvolution operator length. Auto-correlations of the final
stack showed an average first zero crossing of approximately 12 ms. Following Yilmaz
(1987), the operator length is selected to be 12 ms. An operator white noise level of 0.1%
is used to pre-whiten the spectrum. The gate length for the deconvolution operator was set
to the entire data set.
The results of deconvolution on the stacked data is demonstrated in Figure 21. As
expected, the overall SIN ratio of the deconvolved stack has been degraded. The wavelet
has been effectively compressed by about 50%. This has improved the vertical resolution
of several reflections. Notice the clear cross cutting relationship apparent after deconvolu-
tion near A in Figure 2 I.
2.3.8: Migration
Migration is the process by which dipping reflectors are positioned correctly in the
subsurface (Yilmaz, 1987). Based on the guidelines set forth in Black et al. 1994, I
believe that migration may indeed be warranted in this case. Using the steepest apparent











ms), and a stacking velocity of 4100 ft/s, it is estimated that migration will produce a hor-
izontal shift in this reflection of as much as 37 ft (7 CMPs) and a time shift of as much as
2.2 ms (9 samples). Before attempting 3D migration on the data volume, a 2D phase shift
migration (Yilmaz, 1987) is run on single 2D line that exhibits the maximum apparent dip.
The results of the 2D migration are presented in Figure 22. The coherency of the
reflections has been enhanced by the migration. The reflector has moved south (up-dip)
by an amount consistent with the calculations given above. The migrated section in Fig-
ure 22b, however, exhibits a slightly lower frequency content detrimental to resolution.
Attempts at doing a full 3D migration met with little success. I believe that the 3D
wavefield is spatially a1iased in the cross-line direction. To account for this, it will be nec-
essary to trace interpolate in the cross-line direction. Based on the 2D results and the
complexity and potential pitfalls of trace interpolation, I decided not to pursue a 3D migra-
tion at this time.
2.3.9: Time to Depth Conversion
Once the full volume is processed, I convert it from time to depth. The time to
depth conversion is accomplished using the spatially varying, stacking velocity field deter-
mined by velocity analysis. The stacking velocity field is used to map each sample from
two way time to depth. Given the errors inherent in determination of stacking velocities
and subsequent conversion to interval velocities (refer to Figure 18 and Section 2.3.5),
there is always uncertainty present in the resulting depth conversion. The range of interval
velocities determined at CMP 630 in Section 2.3.5 for the intervals leads to uncertainties








2.4 Vertical Seismic Profile (VSP)
2.4.1: Introduction to the VSP survey.
In addition to the surface seismic, a vertical seismic profile (VSP) was collected in
well HMI. Data were collected by lowering a hydrophone into the well and recording
successive blows from a sledgehammer source. Two different types of VSP were col-
lected: a walk-away VSP with the receiver fixed at a depth 000 ft while the source was
walked away from the hole in 5 ft increments, and an offset VSP with the source fixed 65
ft south of the borehole and the receiver pulled up the hole at 5 ft increments from a depth
of 129.5 ft. I processed the 65 ft offset VSP. The recording instrument was an EG&G
Geometries 2401 24 channel engineering seismograph. The data were recorded at 0.1 IDS
sample interval in SEG-2 format. Before further processing, data are resampled to.25 IDS
sample rate to match the surface seismic. A total of 27 shots were recorded for this VSP
survey. The VSP data are processed using ProMAX VSP®.
2.4.2: VSP Processing
A summary of VSP processing steps is given in Figure 23. After resampling of the
data, geometry is assigned. Subsequent to geometry assignment, bottom muting is per-
formed to remove unwanted noise. At the same time, the data is phase rotated by 90' (Fig-
ure 23a). The phase rotation is undertaken to insure the VSP data collected by the
hydrophone, pressure data, have the same phase as the surface seismic data collected by
velocity transducers. Figure 23b demonstrates the results of the muting and phase rota-
tion.











wave field. This is performed in a series of steps. First a velocity function for the bore-
hole is determined based on first break pick times. Next this velocity function is used to
recover true amplitudes for the VSP. Once the amplitudes have been recovered. the first
arrivals are flattened using the first break picks times as a static shift. An event alignment
is performed on the flattened first arrivals to remove any small remaining statics in prepa-
ration for the next step. A 2D median filter is performed on the flattened data to remove
the downgoing wave field. A total of 7 traces are used to construct the filter. The con-
structed trace is then subtracted from each input trace. The difference data set is then ana-
lyzed in the F-K domain to remove any remaining linear coherent noise not associated
with the upgoing energy. The final difference data set is the up going wave field given in
Figure 23c.
The statics applied in the above step are removed to return the data set to one way
time. A NMO correction is applied to correct any NMO created by the 65 ft offset. The
data are then converted to 2-way time by adding the first break pick times to each trace.
This step flattens the up going wave field (see Figure 23d) prior to stacking. The data are
then stacked and a vertically extracted trace is constructed and repeated for clarity as in




3.1: VSP Interpretation and Surface Seismic Tie
Interpretation of the VSP data begins with the upgoing wave field after removal of
the downgoing component (refer to Figure 23). The upgoing wave field represents reflec-
tions, possibly multiple, from interfaces below the geophone's position. Although
primary reflections should intersect the borehole when the geophone reaches the reflector,
because our VSP terminated above the depth of the top reflector it is difficult to separate
multiple from primary reflections (Hardage, 1983).
Velocity functions are compared at 130 ft. to determine if the velocities for the
surface seismic agree with the velocity function in the borehole. At 130 ft the average
velocity from the VSP computed from first break picks is approximately 3900 fils. This
velocity compares favorably with the average velocity determined from the surface
seismic of 4100 fils computed from interval velocities at 130 ft depth in the region of the
borehole. To compute this average velocity, I include the near-surface unsaturated, allu-
vial layer removed via the field statics. Given the two values for velocity and taking the
VSP value as the true velocity, the error in the velocity function determined from surface
seismic observations at this one location and depth is approximately 5%.
Our interpretation of the upgoing VSP wavefield is presented in Figure 24. Two
reflections are identified from the upgoing wavefield. The first, labeled A, is an event that
appears to intersect the borehole at approximately 140 ft. This depth is consistent with the










below A, but because the well does not extend deeper, a depth can not be assigned to this
event. Event C, occurring approximately 25 ms below event B, appears to be the strongest
event on the VSP's vertically extracted trace. A depth can not be assigned to reflector C
either as the borehole does not penetrate it.
Figure 25 shows the VSP stack tied to the surface seismic observations. The 20
line, in-line 15, is nearest the borehole is shown. The VSP stack is time shifted by 21 ms.
This time shift is determined by cross correlating the VSP trace with nearby traces
extracted from the seismic line. This shift is an artifact of refraction statics applied to the
surface seismic. Using a Vo of 1000 ftls, a VI of 5000 ftls, and a final datum level of 3 ft
elevation (see Figure 8), the estimated static mistie between the VSP and the surface
seismic is 20.8 ms consistent with the mistie computed by cross-correlation.
With this bulk shift, the VSP to surface seismic tie is quite good. The top reflec-
tion observed on the surface seismics ties to reflection A from the VSP. Converting times
to depths using stacking velocities determined from the surface seismics, the depth of top
reflection at the borehole is estimated to be 140 ft, consistent with the VSP and the depth
of refusal of the well. These results suggest that I am indeed imaging a reflector at 140 ft
depth. The question still remains as to whether this reflector is a till layer or if it is indeed
the bedrock surface. Without additional information and with no borehole that penetrates
the second observed reflection, there is no way to definitively answer this question.
Although, as I will argue below, interval velocities computed from the stacking velocities
suggest that this reflector is either a till layer or fractured / weathered bedrock.
The second observed reflection also exhibits a good tie between the surface
seismic and VSP. The borehole, however, does not penetrate this reflection. I am, there-
















depth is between 200 ft and 250 ft. The uncertainty of these depths is on the order of plus
or minus 10ft. There are two possible interpretations for this reflection depending on the
nature of reflection A. If reflection A is indeed the top of a till layer, then reflection B is
most likely the bedrock surface. It is also possible, however, that reflection A is a weath-
ered, less competent, bedrock surface. Reflection B is in that case probably an unweath-
ered, more competent, bedrock surface. Reflection C occurs deeper in the section and
correlates with a reflection from the surface seismics below reflection B. Note, however,
that this reflection is laterally discontinuous on the surface seismics and is probably
related to lateral mineralogical or competency changes within the bedrock.
Velocities, given the associated uncertainties (Section 2.3.8 and 9), for the interval
above the upper reflection, -5000 ftis, agree with accepted values for saturated alluvial
materials (Redpath, 1973). The velocity for the interval between the upper and lower
identified reflections is on the order of 7500 ft/s. This value falls within the acceptable
ranges for glacial till (Redpath, 1973). Given the uncertainty associated with this velocity,
i.e. it may be as high as 8000 ft/s, this interval may also be interpreted as a fractured or
weathered bedrock (Redpath, 1973). The velocity for the interval below the lower reflec-
tion is chosen to be 15,000 ft/s, an acceptable value for competent metamorphic bedrock
(Redpath, 1973).
3.2: Surface Seismic Data Interpretation
The 3D nature of the 2, spatially coherent, reflections identified above is examined
using the unmigrated 3D volume in the LandMark 3D® interpretation environment. For
interpretation purposes, we generate five separate 3D data volumes. The first consists of
the processed data set with trace contributions within each CMP bin from all source!
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receiver azimuths. The four other data volumes include trace contributions within each
CMP bin from selected, source/receiver azimuths. These consist of azimuth contributions,
defined from north, of 0 - 45°, 45 - 90°, 90 - 135°, and 135 - 180°. Given source/receiver
location reciprocity, source/receiver azimuths from 180° to 225° are included in the 0° to
45° data volumes. Likewise, the 45 - 90° volume includes 225 - 270°, 90 - 135° includes
270 - 315°, and 135 - 180° includes 315 - 360°.
Once the data are imported into the LandMark 3D® interpretation environment,
the horizons of interest are selected and traced throughout the volume. The first horizon
coincides with the upper reflection identified in this study as reflection A. The second
horizon of interest corresponds to the lower reflection, B, from the VSP interpretation.
Both reflections are laterally extensive over the survey area, and are easily identi-
fied on the interpretation screen. An example of the data volume is given in Figure 26.
Figure 25 is an example of a loop display and represents a slice through the 3D volume
similar to a geologic fence diagram. Directions of the sections extracted from the volume
are indicated on the bottom of each portion of the display. The reflectors of interest are the
upper reflection underlined in yellow and the top of the lower reflection outlined in red.
Care is taken when interpreting these horizons over the 3D volume to insure that cycles
are not miscorrelated. This is performed by evaluating cross cutting relationships and uti-
lizing loop displays to ensure that they are obeyed in both the cross-line and in-line direc-
tions. Also, at the comers and edges of the survey, the seismic data volume is poorly
constrained making it difficult to interpret.
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3.2.1: Upper Reflection Structure
The upper reflection dips to the northwest with a maximum dip of approximately
18°. A 3D surface map is shown in Figure 27 with a viewpoint from the northwestern
corner. The borehole location is indicated by HM I in the northeastern portion of the
Figure 27. The borehole was drilled to a depth of approximately 140 ft before the bit was
sheared off (Haeni, 1994 personal communication). No cuttings were recovered from the
bottom of the borehole to indicate if the bedrock surface was reached. The depth to the
upper reflector at HMI is approximately 140 ft, consistent with this layer being respon-
sible for borehole refusal.
3.2.2: Upper Reflection Amplitude Anomalies
Amplitudes for the upper reflection are extracted from the data volume by picking
the top and bottom of the layer and calculating the absolute value of the root-mean-square
(RMS) amplitude between the two horizons. The amplitudes extracted in this manner are
displayed in plan view in Figure 28 superimposed on the topography of the reflector. The
range of extracted RMS amplitudes is between 0 to 170.
The amplitude highs are indicated by blue and the lows by red in Figure 28 (refer
to color scale). Note that for this reflection, high amplitudes tend to parallel the maximum
slope of the reflector running from SW to NE. Other amplitude highs correlate with
depressions in the reflector, while prominent amplitude lows are associated with flat or
gently sloping portions of the reflector. I believe these anomalies are due to the scattering








Figure 27: A 3D representation of the interpreted upper reflector. HM 1 denotes the loca-
tion of the borehole in the survey area. Note that the borehole intercepts the
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Figure 28: Amplitudes of the upper reflector superimposed on the reflector's topography.
Amplitude highs are concentrated on the slope and in the depressions. Ampli-
tude lows are concentrated on the topographic highs.
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3.2.3: Lower Reflection Structure .
The structure associated with the lower reflector is presented in Figure 29 as a 3D
perspective view. The overall relief is approximately 80 ft. If this reflection represents
impermeable bedrock, its topographic relief may control the flow of DNAPL's. I point out
in Figure 29 that there is extensive relief on this surface. Identifiable features include a
ridge running from south to north beginning in the southwest comer and several depres-
sions one of which is indicated by B. The ridge indicated by A in Figure 29 may represent
an impediment to DNAPL flow. Depressions in the surface such as that imaged at B, may
represent potential sites for collection of DNAPL's.
A 2D contour map of the topography on the lower reflector is presented in Figure
30. The ridge begins in the southwest comer of the survey area, trends north-south. and is
indicated by A. The depression is once again indicated by B. Given the el1iptical dimen-
sions of feature B and its relative depth with respect to the surrounding reflector (5 ft), the
approximate volume of this feature is 2620 ft3. Assuming that this depression is filled with
sediments (glacial till) with porosity in the 10 - 20% range (Fetter, 1988), and assuming
every pore is connected and filled, the total volume of DNAPL that could collect in this
depression is between 262 and 524 ft3.
3.2.4: Lower Reflection Amplitude Anomalies
Like the upper reflection, amplitudes are extracted from the lower reflection by
picking the top and bottom of the horizon of interest, and calculating the absolute value of
the RMS amplitude per trace between the top and bottom of the horizon. The results of
the amplitude analysis are presented in Figure 31. The amplitudes have a range of 0 to












Figure 29: View of the lower reflector surface from the NE comer. The structure indicated
by A is a bedrock ridge that N-S beginning in the SW comer of the survey. A
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Figure 30: Contour map of the lower reflection's surface. A S-N trending ridge that may
serve as an impediment to DNAPL flow is shown by A. An example of a











Figure 31: Amplitude character superimposed on lower reflector topography. Notice the
NE to SW and NW to SE amplitude highs.
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The most striking features we observe are the NE to SW and NW to SE trending ampli-
tude highs. The amplitude highs lie in both depressions and on elevation highs.
Based on the nature of the Collins Hill Formation (Lundgren, 1979), there are
three possible explanations for the observed amplitude phenomena. First, the general
trend of the amplitude highs is suggestive of a conjugate fracture system. Given, however,
that high amplitudes are associated with these features, 1do not believe these fractures are
open. Rather if this interpretation is correct, they would have to be sealed with competent,
high impedance material. If, for example, they are filled with quartz, the reflectivity coef-
ficient could be as high as 0.58, base upon a density of 16.8Ib/ft3 (Burger, 1992) and a
velocity of 20,000 ft/s (Clark, 1966). As calculated previously (Section 1.2), the
surrounding bedrock has an approximate reflection coefficient of 0.43. Second, these
amplitude highs may not be related to sealed fractures, but may simply be indicative of
lateral changes in mineralogy. As stated previously, the Collins Hill formation is a highly
heterogeneous amalgam of rock types. With rock types ranging from highly friable
schists, having a density of 16.91b//ft3 and velocity of 12,000 ft/s (Clark, 1966), to
quartzite, having a density of 16.8Ib/ft3 and velocity of 20,000 ft/s (Clark, 1966), the
corresponding range of reflectivity coefficients is 0.23 to 0.58. Finally, the amplitude
highs may be a manifestation ofpegmatites injected into the Collins Hill Formation. If the
pegmatites have a composition similar to granite (Lundgren, 1979), the corresponding
density is on the order of 16.2 Ib/ft3 (Burger, 1992) with a velocity of 18,000 ftls (Clark,
1966). Given these values, the reflection coefficient for the pegmatites is 0.48. Any of
these scenarios or a combination thereof could be responsible for the observed amplitude
anomalies.
The results of azimuthal stacks and amplitude extraction are presented in Figure
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32. The appearance of the amplitude maps in Figure 32 is significantly different than that
of Figure 31. The first characteristic noticed is the striping associated with the 45 - 90·
and 90 - 135· amplitude maps. The amplitudes on this map range between 0 to 150. We
attribute this striping to acquisition geometry. 1also note, that consistent with my discus-
sion in Section 2.2, the only section of the survey with good azimuth coverage is the
middle third. Hence, 1will concentrate on this section for my interpretation.
The most coherent features visible in the middle portions of the plots in Figure 32
are the linear amplitude highs. These are most prominent on the 0 - 45· and 135 - 180·
plots. Other anomalies trend SW-NE through the middle one third of the survey area. A
hint of these features occurs on the 45 - 90· and plots 90 - 135·, but these are obscured by
the distinct striping in the north-south direction.
Figure 33 shows two in lines from the 3D volume that are azimuth and offset
limited. The offset limits correspond to 65 and 200 ft and are based on the offset range
consistent with the lower reflection obtained after application of the inside and outside
mutes. Figure 33a and Figure 33b show in-line 15 sorted to 45 - 135· (east-west) and 135
- 215· (north-south) respectively. The same is shown for in-line 16 in Figure 33c and
Figure 33d. Note that for both lines sorted by azimuths to 135 - 215· the offset distribution
per eMP bin is well distributed. When looking at adjacent in-lines sorted to 45 - 135·,
however, the distribution of offsets is limited to different ranges for the two adjacent in-
lines. For in-line 15 sorted to 45 - 135·, the offsets are limited to between 100 and 150 ft.
The offsets for in-line 16 sorted to 45 - 135· are limited to the 125 to 180 ft range. These
two adjacent in-lines, therefore, exhibit a different stacking response that is in tum respon-
sible for the striping seen in Figure 32b and Figure 32d.
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3.3: Recommendations for Survey Redesign
Given the problems with the survey design employed at Haddam Meadows and the
results of this study, any subsequent 3D surveys to be collected at Haddam Meadows
should be redesigned. Redesign of this survey should keep in mind the following impor-
tant points: fold coverage should be more evenly distributed, azimuths should not exhibit
offset dependency, offsets should be limited to ranges in which the reflectors are well
imaged without imaging the ground-roll train, and more cross-line bins with smaller bin
sizes should be produced. All of this must be accomplished without significantly raising
the cost of data acquisition.
With these goals and constraints in mind, I propose altering the current survey
design, which employed shooting through a fixed spread, rather than moving toward a
more standard 3D survey design in which the receiver array is rolled. Under this
constraint, any modifications to the acquisition geometry will not improve fold distribu-
tion.
If the number and spacing of the receivers and shots remains the same, better offset
distribution and smaller cross-line bin spacings can be obtained by rotating the receiver
array 45' from north. With this orientation, midpoints are now distributed throughout the
subsurface. CMP bins with dimensions of 5 ft by 5 ft can be constructed with true fold for
the lower reflector being between 12 and 18. For this array, the number of cross-line bins
is increased from 21 to 42, greatly improving the prospects for successful application of
3D migration. The azimuthal dependence of offsets is much improved and should elimi-
nate the north-south striping apparent on Figure 32.
In addition, if acquisition time is doubled, going from 2 to 4 days, the shot grid can
be improved by reducing the cross-line shot spacing from 25 to 12.5 ft. The shot grid is
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modified by adding shot lines between the current shot lines but starting them 12.5 ft to the
east and 10 ft to the north of the first shot in the southwest corner (Figure 34). The addi-
tional shots increase fold to 25 fold on the lower reflector for a 5 ft by 5 ft bin spacing,
further smooth the offset distribution with respect to azimuth, and allowing for the possi-
bility of constructing 2.5 ft by 2.5 ft bins.
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Figure 34: Suggestion for redesign of the survey. Distances are measured in feet. Receiver
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Haddam Meadows State Park, CT is an excellent location to collect seismic reflec-
tion data. The presence of a very near-surface water table is conducive to good refraction
statics solutions and excellent source energy transmission. High impedance contrasts in
the subsurface allow for excellent reflections from subsurface interfaces. The velocity
contrasts lend themselves to favorable velocity analysis solutions.
Survey design created a few problems from a processing perspective. Aliased
ground roll proves difficult to remove with conventional processing techniques such as
F-K filtering or spatial filtering. Extensive bottom muting to remove ground roll causes
drastic reduction in an already poor fold distribution. The limited offset distribution com-
bined with destruction of near-offset information by muting of the ground roll train pre-
vents us from imaging structure shallower than approximately 90 ft in depth. Survey
design further complicates azimuthal amplitude analysis because favoring of north-south
azimuths causes striping on the azimuthal amplitude plots. The survey design also creates
rectangular bins, elongate in the cross-line direction, that can cause potential problems
associated with migration (aliasing). This in tum requires trace interpolation, a rather
involved and difficult process, to be undertaken.
Processing of the 3D data volume is accomplished in a series of steps in the Pro-
MAX 3D® interactive, processing environment. The variation in thickness of the near-
surface unsaturated layer create static variations that are corrected using both refraction
and residual statics. Solution of refraction statics supply information about water table
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topography at the site as well as lateral changes in velocity of the refractor. Velocities are
relatively well constrained as demonstrated by semblance plots and provide geologically,
reasonable, interval velocities. Processing of the VSP data in ProMAX VSp® allows for
quality assurance and control of both average velocities and depths to interfaces down to a
depth of approximately 140 ft.
Although I have difficulties associated with survey design, I am able to image sub-
surface structure that may have relevance to DNAPL migration. The 3D seismic reflection
survey has imaged two potentially important reflections in the subsurface. Combining the
·surface seismic data with the VSP survey recorded in the borehole, I am able to develop
two possible interpretations. The first interpretation is that the lower reflector is the bed-
rock/glacial till interface and the upper reflector is the interface between glacial till and
saturated alluvial sediments. The second interpretation is that the lower reflector is the
interface between a fractured or weathered, bedrock surface and a competent, unweath-
ered bedrock surface. The upper reflector in this scenario is then the interface between
fractured or weathered bedrock and the saturated alluvium. The upper reflector has been
constrained at the borehole with a depth of approximately 140 ft. The depth of the second
reflector can not be definitively constrained as the borehole does not penetrate this inter-
face, but based on the depth conversion its depth is in the range of 200 ft to 250 ft.
The inability to constrain the depth of the second reflector based on seismic alone
coupled with the lack of information shallower than 90 ft suggests that incorporation of
other data sets is appropriate to fully satisfy the goals of this study. Imaging of structure
shallower than 90 ft has been accomplished at Haddam Meadows utilizing Ground Pene-
trating Radar (GPR) (Haeni, personal communication, 1994). It would be useful to
attempt to tie this data with the seismic reflection data. Also, given the alluvium to bed-
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rock interface suspected at this site, it may be useful to conduct a gravity survey- over the
area to determine the depth to bedrock and tie to the seismic data.
In addition, a new 3D multi-component survey could be designed with the infor-
mation from this study. Shear wave studies of the area may better delineate near-surface
structure because of their slower propagation velocities. Also shear wave anisotropy may
better characterize the nature of the reflectors by defining the presence and direction of
fractures in subsurface formations. Shear waves sense the rigidity of different formations
and are able to image lithology changes not imaged by P-waves. P-waves can sense the
transition between unsaturated and saturated alluvium but can not sense the change from
saturated sand to saturated clay. Since S-waves can sense this change, a shear wave study
may better delineated potential aquitards such as clay lenses that would control the flow of
DNAPL's in the very near-surface.
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